The development of osteoclastic cell lines would greatly facilitate analysis of the celular and molecular biology of bone resorption. Several cel lines have previously been reported to be capable of osteoclastic differentiation. However, such cell lines form at best only occasional excavations, suggesting that osteoclastic differentiation is either incomplete or that osteoclasts represent a very small proportion of the ceUls present. We have used the recently developed H-2KbtsA58 transgenic mouse, in which the interferoninducible major mouse histocompatibllity complex H-2Kb promoter drives the temperature-sensitive (ts) immortalizing gene of simian virus 40 (tsA58), to develop cel lines from bone marrow with high efficiency. Bone marrow cells were incubated with y interferon at 33C, then cloned, and expanded. The cel lines were characterized at 39.5°C in the absence of y interferon. First, stromal cel lines were established that induced osteoclast formation (resorption of bone slices) when cocultured with hemopoietic spleen cells. Some of the stromal cell lines so generated were able to resorb =30 mM2/cm2 of bone surface. We then established ceUl lines of hemopoietic origin, several of which possess osteoclastic potential. When these osteoclast-precursor cel lines were cocultured with stromal ceUl lines, extensive bone resorption was observed. Osteoclast formation did not occur if the precursor cell lines were incubated on bone slices without stromal ceUls; osteoclast formation was also dependent upon the presence of la,25-dihydroxyvitamin D3. These cel lines represent a model for osteoclast formation and a valuable resource for identification of the mechanisms and factors that regulate osteoclast differentiation and function.
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A major impediment to an analysis of the cellular and molecular biology of bone resorption has been the nature of the cell populations available for study. As primary cells, osteoclasts are available in only very small numbers in a nonproliferative state and are contaminated by other cell types (1) ; attempts at purification have only been partially successful. Although bone-resorbing cells can be formed in hemopoietic cultures (2) (3) (4) , osteoclasts remain a minor component of a heterogenous population. Thus, very little is known of the factors that specifically direct osteoclastic differentiation and regulate osteoclastic function, and virtually nothing is known of the factors that may be produced by osteoclasts themselves.
In other tissues, the development of cell lines has greatly assisted the investigation of the cellular and molecular interactions in development and physiology. Several cell lines have been reported to be capable of osteoclastic differentiation (3, (5) (6) (7) . However, these cell lines are either incapable of bone resorption when cultured on bone slices or form only very occasional resorption lacunae. Where no resorption occurs, either osteoclastic differentiation is incomplete or
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" (CTR) was assessed by 125I-labeled CT as described (18) . CT was iodinated by a modification of the chloromine-T method (19) . Labeled CT (0.2 nM) was incubated with cultures in medium 199 containing 0.1% bovine serum albumin for 1 hr at 22°C. Nonspecific binding was assessed by including excess (300 nM) unlabeled CT in some wells. After incubation, coverslips were fixed in formalin before extensive washing in water. The coverslips were coated with KS nuclear emulsion (Ilford), developed after 14 days at 4°C, and counterstained with Meyers hematoxylin. CTR+ cells were scored as those that demonstrated sufficient grain density to outline the cell clearly. The number of CTR+ cells present in 10 random fields per coverslip at xlO0 magnification was counted.
[3H]Thymidine autoradiography was performed as described above except that [3H]thymidine was incubated with cultures for 2 hr at either 33°C or 39.5°C.
Macrophage differentiation was identified in acetone-fixed preparations by binding to F4/80 (S. Gordon, Oxford, U.K.) and MoMa-2 (Serotec), antibodies that bind to murine monocytes and macrophages (20) but do not bind to murine osteoclasts (21, 22) ; a standard immunoalkaline phosphatase staining technique (rat anti-murine and rabbit anti-rat IgGalkaline phosphatase conjugate; both from Serotec) was used followed by counterstaining with hematoxylin. RESULTS BM Stromal Cell Lines. When BM cells from the H-2Kb transgenic mouse were cultured in vitro, stromal cell lines were readily established. Some of these cell lines (30%o) were found to possess the ability to induce spleen cells to resorb bone when cocultured on bone slices for 7 days in the presence of 1,25-(OH)2D3 (see Fig. 1 ). The most potent osteoclast-inductive stromal cell line (tsD4) was selected for further experiments. Switching of the tsD4 stromal cell line from permissive to nonpermissive conditions was associated with differentiation and a reduction in proliferation (Table 1 and Fig. 2 a and b) . Most (Fig. 2, c and d) . The ability of these cell lines to generate osteoclasts was assessed by growing them in the presence of the tsD4 stromal cell line.
Of the 11 M-CSF-dependent cell lines examined, 6 were induced to generate osteoclasts by coculture with tsD4 cells at 39.5°C (Table 2 ). When cocultured with tsD4 stromal cells on bone slices for 14 (Fig. 2 e and] ).
Differentiation of the M-CSF-dependent cell lines into osteoclasts was dependent upon the presence of stromal cells, and no bone resorption was observed when these cell lines were incubated on bone slices alone at either 33°C or 39.5°C, even when cells were grown in the presence of 1,25-(OH)2D3 for 14 days. Similarly, M-CSF-dependent cell lines, grown in the absence of tsD4 stromal cells, were not labeled by 125I-CT and thus did not apparently express CTRs.
In addition, induction of differentiation required coculture of the cell lines with tsD4 stromal cells at 39.5°C; as for spleen cells, tsD4 cells grown at 33°C did not induce the appearance of bone-resorbing activity.
All M-CSF-dependent lines contained cells that were labeled by the F4/80 and MoMa-2 antibodies, two markers of macrophages. In either the presence or absence of tsD4 stromal cells at 39.5°C, the M-CSF-dependent populations contained -90% F4/80+ cells and 90% MoMa-2+ cells (Fig.  2g) . However, CTR+ cells were not labeled by either ofthese antibodies.
Further studies were conducted on the tsA2.4 cells, which exhibited the highest level of 125I-CT labeling and were one of the most effective resorbers of bone. Under permissive conditions (33°C in the presence of IFN-y), these cells were plastic-adherent, with a doubling time of -2 days. Cells were resistant to removal from the substrate with trypsin and therefore were routinely subcultured with a plastic scraper. Growth conditionality of the tsA2.4 cells was determined by [3H] thymidine autoradiography. We found that 36.8% ± 3.9% and 19.8% ± 5.8% of the total population of tsA2.4 cells incorporated [3H]thymidine over a 2-hr period under permissive and nonpermissive conditions, respectively. This conditionality of growth correlated with the expression of large T antigen, detectable by immunocytochemistry (Fig. 2h) , with strong nuclear staining of cells under permissive conditions but with little or no detectable staining after 5 days under nonpermissive conditions. At 33°C the tsA2.4 cells were also less well spread, more weakly MoMa-2+ positive and F4/80-.
DISCUSSION
Osteoclast differentiation has been shown to occur through a contact-dependent interaction between hemopoietic precursors and BM stromal cells in the presence of 1,25-(OH)2D3 (3, 23) . Although BM stromal cell lines have been previously found (23) or developed (24) that are capable of osteoclast induction, in our experience osteoclast-inductive capacity in these cells has been limited to early passages. Therefore, as a first step in our development of cell lines able to differentiate into osteoclasts, we initially generated BM stromal cell lines with a high and sustained capacity for osteoclast induction. We found that several of the BM stromal cell lines obtained from the H2KbtsA58 transgenic mouse provided a highly effective osteoclast-inductive environment, such that spleen cells were induced to form osteoclasts to a similar extent to that achieved by BM cell cultures (18) . This stromal osteoclast-forming activity showed no evidence of decline over the duration of the present experiments (12 months). This prolonged maintenance of an original phenotype may be facilitated by the ability to suppress simian virus 40 gene expression and by the stability of integration of the immortalizing gene in the transgenic system used. Certainly, phenotype appeared to be regulated by culture conditions: under permissive conditions, the stromal cells were proliferative and unable to induce osteoclast formation from spleen cells, even though control primary cultures of BM cells were capable of osteoclast formation under the same conditions (data not shown); under nonpermissive conditions, proliferation was suppressed, and stromal osteoclast-forming activity was expressed.
Because osteoclasts form a very small proportion of the cells that develop in hemopoietic cultures or in cultures of spleen cells on tsD4 cells, it did not seem an optimal approach to the generation of osteoclasts to incubate unpurified populations of hemopoietic cells on the tsD4 cells-only a very small proportion of cell lines so induced would be likely to be osteoclastic. Instead, we exploited the known dependence of osteoclastic precursors on M-CSF (25-28): incubation of hemopoietic cells in M-CSF at low density induces proliferation of cells that express M-CSF receptors (29) , which are precursors of macrophages and osteoclasts (21) . We found that some ofthe cell lines so obtained showed various degrees of ability to form bone-resorbing cells when cocultured with tsD4 cells under nonpermissive conditions.
The judged by labeling with F4/80 and MoMa-2 antibodies. We suggest that this observation is consistent with the view that osteoclasts and at least some macrophages may be derived from a common precursor cell. We do not believe that osteoclasts in our cultures were derived from macrophages because 1251-labeled CTR+ cells were consistently MoMa-2-and F4/80-. In addition, the cell lines that generated osteoclasts were F4/80-and only weakly MoMa-2+ when grown at 33°C in the presence of IFN-y, suggesting that expression of a macrophage phenotype also required further differentiation. In addition, several of the cell lines we derived only gave rise to macrophages and thus may serve as a valuable tool for helping to distinguish between those precursors that can generate osteoclasts and those that cannot do so.
Our results suggest that the cell lines we have generated consist of precursors that are not yet committed between osteoclasts and macrophages. Thus, the cell lines should be useful not only for investigation of the function of mature osteoclasts but also, together with the stromal cells, for the identification of the signals that regulate the commitment of osteoclast precursors, including the nature of stromal osteoclast-forming activity itself, which cannot be replaced by any known cytokine so far tested, including c-kit ligand; interleukins 1, 3, 6, 7, 9, and 11; transforming growth factor ,3; or M-CSF (data not shown). These studies also demonstrate clearly the potential usefulness of H-2KbtsA58 transgenic mice in the isolation of cell lines capable of undergoing differentiation, even when the precursor cells of interest are rare and cannot be readily distinguished by available markers. Moreover, they demonstrate the relative ease with which it is possible to generate from H2KbtsA58 mice a complete differentiation system, including both inducing and responding cells, in the absence of retroviral (or otherwise mediated) insertion of immortalizing genes in vitro.
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